Introduction
In many electronic devices, power is supplied (or generated) in the form of electric current which flows to a conducting electrode, which has a certain potential. Accurate measurements of the electric current can provide a lot of information about the internal physical processes in the device. In this paper, we consider different quasi-stationary contributions to the current in a non-magnetic electronic device. We investigate how current densities, changes in the spontaneous polarization, and changes in the permittivity induce currents in the external circuit. Two different but equivalent expressions for the external current are provided. With these expressions it becomes clear which physical processes can be considered separately and which lead to a combined contribution.
The resulting formulas are illustrated by two examples: reorientation in a planar liquid crystal device containing ions and the transport of charged particles in a flux tube.
The Shockley-Ramo theorem
Consider a number of perfect conductors, called electrodes, distributed over space as illustrated in Fig. 1 . These electrodes are denoted by the index i, and are defined by their boundary surface S i , and by their potential j i * . The current can be supplied to these electrodes, which is denoted as I i . The wires which supply the current are sufficiently narrow, so no capacitance is related to them and their geometric properties are not important for the problem. In the volume between the electrodes, inhomogeneous anisotropic materials may be present. At any time, the material is fully described by the following parameters:
• the dielectric tensor e ( ) r r , which may be anisotropic, describing the linear part of the polarization,
• the charge density r( ) r r ,
• the spontaneous polarization r r P r s ( ), describing the non-linear behaviour of the polarization, important for ferro-electric materials. The potential in the point r r of the volume between the surfaces can be considered as a superposition of the following contributions:
• the potential j i r ( ) r which would be present in the absence of the charge density r and the spontaneous polarization r P s , if the potential of the conductor i was set to j i * , while the potential of the other electrodes was set to zero,
• the potential j r ( ) r r , due to the charge density r and the spontaneous polarization r P s , when the potential of all the electrodes was set to zero. As a result, the potential can be written as
The Shockley-Ramo theorem states that the charge Q i which is present on the electrode i is the sum of capacitive contributions (due to the voltage differences between the electrode i and other electrodes) and a contribution from the charge density r -Ñ × r P s with opposite sign and weighed by the potential j i at the corresponding location
In this formula, the capacity coefficient C ik is equal to -* Q k i j with j i * the potential on the electrode i, and Q k the charge on the electrode k if the electrodes k i ¹ would be held at zero potential. Note that the value of the capacitance coefficients depends on the value of the dielectric tensor ( ) e r r between the materials. In the literature, several proofs of this theorem can be found [1, 2, 3] . Usually, the formula is proved in the absence of spontaneous polarization, however, this can easily be extended to Eq. (2) by including the equivalent charge density -Ñ × r P s . There exists also a high-frequency generalization of Eq. (2), taking into account the retardation of the potential [4] .
Derivation of the first expression for the current
We will now derive an expression for the current supplied to the electrodes, by taking the time derivative of Ramo's theorem dQ dt
The general integral formula of Gauss r r r f dS fdV
can be used with the vector function r r f J i = j , with r J the current density in the volume. The surface integral yields only a contribution for the surface S i because on the other surfaces the potential j i is equal to zero r r
with I i s , the current flowing from electrode i into the volume through the surface S i . The volume integral can be modified, using the continuity equation ¶r ¶t
setting the right hand sides of Eqs. (5) and (6) equal yields
A similar formula can be found for the contribution of the spontaneous polarization, using r r f P t
can be interpreted as the polarization current density. In this case, the surface integral is zero, because the polarization current density is confined to the material, so we find similar to Eq. (7)
The continuity equation for the electrode says that the current supplied to the electrode I i is the sum of the increase in the charge dQ dt i and the current flowing out of the electrode I i,S . Substituting these results in Eq. (3) yields the formula for the current supplied to the electrode
This equation elucidates that the current supplied to the electrode with the index i is the sum of contributions due to:
• variation of the capacitance coefficients C ik , • variation of the electrode potentials, • current in the volume (including the variation in spontaneous polarization), weighed with the local field related to the potential j i ,
• presence of charges in the volume, in combination with a local variation in the potential j i . In a switching ferro-electric liquid crystal device containing ions, all terms may be present simultaneously [5] .
Derivation of the second expression for the current
We will now derive a second expression for the current, starting again from the integral formula of Gauss using r r r
The surface integral yields 
The divergence of e j Ñ i is zero because the potential j i is only related to the potential on the electrode i and there is no space charge density related with it. The resulting integral is indeed the opposite of the third term in Eq. (11). Setting the surface and volume integrals in Eqs. (10) and (11) equal, one finally obtains
This expression is very similar to the first one of Eq. (9), the contributions are now separated according to:
• variation of the electrode potentials (capacitive current), • current in the volume (including the change in spontaneous polarization), weighed with the local field related to the potential j i ,
• variation of the permittivity tensor, weighed with the local field related to the potential j i . The term in Eq. (14) due to the variation of the dielectric tensor can be interpreted as the additional polarization current r J e r J t
The contribution to the current r r J r e ( ) vanishes if the electric field at r r is equal to zero, because a change in the dielectric constant is then not related to a change in polarization.
Discussion
The two expressions for the current, Eqs. (9) and (14), are very general and it is interesting to analyse different components of the expression and to investigate important cases in which the expressions can be simplified.
In many cases, devices have approximately a one-dimensional structure with only two electrodes, as shown in Fig. 2 , one at x = 0 with the potential zero and one at x = d with the potential j e * . The area is S and the thickness d. In this case, the currents supplied to the two electrodes are opposite and there is the unique device capacitance C e . The current I e supplied to the electrode at x = d with the potential j e * reduces to the following expressions 
In this expression, j is the potential at the given point x and j e is the potential at the point x in the absence of bulk charge density and spontaneous polarization. Note, that only the current density perpendicular to the electrodes J x , contributes to the current I e , although other components may be present in materials with anisotropic mobility [6] .
The two expressions for the current, Eqs. (9) and (14), become identical if the dielectric tensor does not change in time. In this case, the capacitance coefficients and the ratio of potentials j j i i r ( ) r * become time-independent and this leads to the more familiar expression
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From the two expressions for the current supplied to the electrode I e , Eqs. (9) and (14), we can find two forms for the contribution due to variations in the dielectric constant. We can conclude that these two forms are equal ¶e 
If the surface charge p is such that the potential j in the liquid crystal layer is homogeneous, then the term between brackets is zero and the current reduces to zero. This is immediately visible from the second expression in Eq. (19).
Example 2: flux tube model for an electrophoretic device
Consider an electrophoretic device (isotropic, constant dielectric constant) with two electrodes and a two-or threedimensional electrode structure. If the concentration of the charged particles is sufficiently small, the electric field is not influenced by the corresponding charge density and we obtain from Eq. (17) 
In the case when charge transport is due to drift (neglecting diffusion) of the charged particles of the type k with the concentration n k , charge q k and mobility m k , the current density is given by r r J n q n q
The charges move along the field lines and the transport can be separated in a series of flux tubes [7] . As the electrode structure is not one-dimensional, the electric field and the cross-section may vary along the flux tube, but their product, the flux of the electric field remains constant. As an example we discuss the charge transport in a narrow flux tube, for which the section S decreases towards the electrodes, as illustrated in Fig. 3 , according to the equation 
with the constant a determining the variation of the amplitude. For a particle at the coordinate x i at the time t = 0, the differential equation
can be solved as 
with t' the normalized dimension-less time t a E t ' = m 0 .
The variation of x as a function of t' is illustrated in Fig.  4 
Let us now calculate the current supplied to the electrodes for such a flux-tube, starting from the homogeneous concentration n 0 , when the voltage j e * is switched on and assuming there is no exchange of charges between the electrodes and the medium. According to Eq. (21), we obtain 
0 -, using a x m = 1 (a). Variation of the current versus the normalized time t' for two cases, starting from a homogeneous charge density in the flux tube and starting from charges near the electrode, both using a x m = 1 (b).
